JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. D16, PAGES 19,543-19,557, AUGUST 27, 1997

Local upper tropospheric/lower stratospheric
clear-sky water vapor and tropospheric deep convection

Xiaohan Liao! and David Rind

Institute for Space Studies, NASA Goddard Space Flight Center, New York

Abstract.

Local upper tropospheric and stratospheric water vapor profile retrievals by

Stratospheric Aerosol and Gas Experiment II for July 1986-1990 are compared with
concurrent International Satellite Cloud Climatology Project deep convective clouds to
investigate the possible impact of deep convection on upper level moisture distributions.
Results show that at low latitudes, clear-sky water vapor values in the upper troposphere
(above 300 mbar level) decrease following the onset of convection, perhaps because o.
compensatory subsiderice. The drying lasts for a few hours and then is interrupted by a
moistening trend centered at 6 hours after the convection breaks out, perhaps because of
the detrainment of cloud liquid water from the convective tower and spreading anvil
clouds. From about 9 hours later the tropical lower stratosphere shows moistening
occurring. Largely because of these effects, the tropical lower stratosphere has 20-30%
more moisture at sunrise compared to sunset. The later stratospheric moistening has the
largest correlation significance with convection as well as the largest sampling number,
though the absolute variation is much less than the variation in the troposphere. At
northern hemisphere summer middle latitudes, upper tropospheric drying follows moist
convection events, without an obvious moistening trend in the upper troposphere and
impact in the stratosphere. The results indicate that the relationship between local upper
tropospheric moisture and convective events is timescale and latitude dependent. They
illustrate the utility of high vertical and temporal resolution data for proper averaging and

interpretation of convection and water vapor studies.

1. Introduction

Upper tropospheric water vapor is a crucial factor for main-
taining our curreént climate primarily through its greenhouse
absorption. Variations in upper tropospheric water vapor may
have significant climatic implications [Hansen et al., 1984; Kelly
et al., 1990; Lindzen, 1990; Del Genio et al., 1994]. In particular,
a smaller absolute change of water vapor at these altitudes can
lead to a greenhouse effect equivalent to that of a much larger
absolute change in the lower troposphere [Shine and Sinha, 1991].

The sources and sinks of upper tropospheric water vapor are
still largely unclear. One possible water vapor source is the
advection of water vapor from lower levels by tropospheric
deep convection. In response to the rising vertical motion in
the moist deep convective plume, there may be precipitation
due to saturation and condensation and the compensatory
subsidence in the vicinity (of the order of a few hundred kilo-
meters). Both the precipitation and the compensatory subsi-
dence would produce drying; on the other hand, the detrained
moisture at the top end of the convective towers may increase
the atmospheric humidity over wide areas associated with the
occurrence and subsequent dissipation of anvil cirrus clouds.
The moisture blown out of the wall of convective plumes or
reevaporated rainfall may also provide moistening at some-
what lower elevations. These various processes result in the

'Also at Science Systems and Applications Inc., New York.
Copyright 1997 by the American Geophysical Union.

Paper number 97JD01258.
0148-0227/97/973D-01258%09.00

current distribution of upper level moisture, although an exact
balance due to convection alone is not guaranteed; the role of
large-scale and eddy vertical transports may also be important
[Del Genio et al., 1991].

Similar uncertainties concern the stratospheric water vapor
budget. Though stratospheric chemical reactions may account
for some water vapor, the primary source of stratospheric
water vapor is via the upper troposphere. The exact method of
entry is largely uncertain: it may be dynamically driven by
large-scale upward circulation over tropical regions, by deep
convective disturbances close to the tropopause in tropopause
folding events, by turbulence associated with jét stream
streaks, by gravity-wave-induced turbulence, by evaporation of
ice associated with overshooting cirrus clouds, etc.

A primary source of water vapor data for the upper tropo-
sphere comes from nadir-looking instruments (e.g., TIROS
operational vertical sounder (TOVS) water vapor retrievals).
Though the global horizontal coverage of such instruments is
good, the vertical resolution is very limited, and the distinction
between the upper troposphere and lower stratosphere is often
poorly resolved. At the other extreme, radiosonde data have
good vertical resolution but poor spatial coverage, with barely
one third of the troposphere sampled; the water vapor sensors
are also often poorly calibrated.

Despite these data problems, the relationship between up-
per tropospheric/lower stratospheric moisture and convective
events has been the focus of numerous studies, both observa-
tional and modeling [4rakawa and Schubert, 1974; Newell and
Gould-Stewart, 1981; Page, 1982; Danielsen;, 1982a; Hansen et
al., 1984; Lindzen, 1990; Betts, 1990; Rind et al., 1991, 1993; Del
Genio et al., 1991; Sun and Lindzen, 1993; Soden and Fu, 1995).
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Figure 1. A simple illustration of typical Stratospheric Aero-
sol and Gas Experiment (SAGE) IT measurements of water
vapor profiles near local deep convective clouds.

A variety of results have been obtained, with the diversity at
least partly associated with the data quality. In addition, the
data sets used have had different temporal or spatial scales.
For example, some studies have used climatological or monthly
average values of convection and water vapor, without neces-
sarily employing matched data. Temporal resolution is also
important, considering the short lifetime of convective events
(5-10 hours) [Danielsen, 1982b].

In this study we explore the relationship between convective
events (including the related subsidence) and local upper tro-
pospheric/lower stratospheric water vapor using matched data
sets from the Stratospheric Aerosol and Gas Experiment II
(SAGE 1I) [McCormick et al., 1979] and the International
Satellite Cloud Climatology Project (ISCCP) [Rossow et al.,
1991]. SAGE II retrievals produce clear-sky water vapor pro-
files with vertical resolution of about 0.5-1 km in the tropo-
sphere and 1-2 km in the stratosphere, with a horizontal foot-
print of about 200 km [Rind et al., 1993; Chu et al., 1993]. Using
a limb occultation technique, SAGE II observes the atmo-
sphere at sunrise and sunset only, with typically 30 atmospheric
profiles sampled globally per day. Near-global coverage from
about 79°N to 79°S can be accumulated after a few weeks, as
the satellite orbit plane precesses. The data used in this study
are from 1986-1990; after June 1991 the eruption of Pinatubo
interrupted water vapor retrievals.

ISCCP cloud observations (stage C1) represent the global,
merged results from four to six satellites reporting every 3
hours at a spatial resolution of about 280 km (often converted
into a 2.5° X 2.5° resolution for practical use, as in this study)
[Rossow et al., 1991]. One cloud type produced as a data prod-
uct from ISCCP is that of “deep convective clouds,” clouds
with (large) optical thickness greater than 23 and cloud top
pressure less than 440 mbar. The deep convective clouds re-
quire visible channel optical thickness, so they are unavailable
at night. The deep convective cloud fraction, calculated as the
percent of convective pixels on a 30 km scale among the total
pixels, is a good quantity to denote the overall deep convective
activity.

A simple illustration of the spatial relationship between
SAGE II and ISCCP measurements is given in Figure 1. SAGE
1I clear-sky retrievals may be occurring above the ISCCP deep
convective clouds (profile B); they may be occurring within the
clear sky associated with compensatory subsidence (profile A);
or they may be retrieving water vapor in a portion of the grid
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unrelated to the convective activity (profile C). Whatever the
situation, which is likely to vary from case to case, the results
do not include the moisture contained within the anvil cloud,
and therefore total moisture, clear plus cloudy skies, cannot be
obtained. In the lower stratosphere this situation does not
arise; the presence of clouds in the lower stratosphere over low
latitudes affects less than 1% of the SAGE II data.

2. Method

A SAGE II water vapor profile retrieval covers an atmo-
spheric column with a latitudinal horizontal footprint of about
200 km at one particular time at the sampling rate of, typically,
every 50 minutes. For ISCCP deep convective clouds the hor-
izontal coverage is near global but daytime only, with reporting
every 3 hours at a spatial resolution of about 280 km. For
accurate comparison between water vapor and deep convec-
tion it is important that each individual SAGE II water vapor
profile is matched with an ISCCP convection observation. As
described in detail by Liao et al. [1995a, b], SAGE 1I site
information (latitude and longitude) is converted into the cor-
responding ISCCP grid box, and the SAGE II sampling time is
rounded up to every 3 hours (starting from 0000 UT) to match
ISCCP. Therefore the time error for SAGE 11 after the change
is =1.5 hours (as is the case for ISCCP). Any hour value cited
in this study therefore has an error of up to =1.5 hours.

To investigate both the instant and the gradual response of
the atmospheric water vapor content to deep convection
events, each SAGE II water vapor profile is matched with the
deep convection observations (frequencies) taken concurrently
at the same location and at times 3, 6, 9, 12, 15, 18, and 21
hours earlier (if available). Statistically, this is equivalent to
taking each convective event and then comparing the water
vapor profiles at 3 hour intervals afterward; the first approach
is used because the ISCCP data has more temporal flexibility
than the SAGE II observations, which are only for sunrise and
sunset. Though, in theory, each SAGE II retrieval may have
eight sequential ISCCP measurements from time differences
0-21 hours, the absence of ISCCP deep convection data at
night can greatly limit the available number of maiched obser-
vational pairs. For instance, if a SAGE II observation occurs at
sunrise, there will be no matched ISCCP convective data for 3
or 6 hours earlier as the relevant site is still in darkness (polar
regions are not included here). A summary chart is shown in
Figure 2 depicting the availability of SAGE-ISCCP matched
pairs and the associated event types (sunrise/sunset) of SAGE
II data. For matched SAGE-ISCCP observations, if the ISCCP
sampling time is between 0 and 6 hours earlier than SAGE II,
only SAGE II sunset data are available. If the ISCCP sampling
time is between 15 and 21 hours earlier than SAGE II, only
SAGE II sunrise data are available. The only time that SAGE
IT may have both sunrise and sunset observations matched with
ISCCP is for 9 to 12 hours earlier than SAGE II. The number
of available matches ranges between 800 and over 1700, typi-
cally about half sunrise and half sunset events. Because the
shorter daytime over southern middle latitudes in July does not
provide sufficient daytime convective data to match the water
vapor for a complete time span of 0-21 hours, we do not
include southern hemisphere middle latitudes in this study.
The focus on summer results minimizes the consideration of
the role of extra tropic eddies.

The histogram of the number of available ISCCP-SAGE 11
matched observations versus ISCCP convective fractions is
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shown in Figure 3. The number of available pairs is greatly
reduced at high convective fractions; this is consistent with the
relevant infrequent occurrence of deep convection occupying
the totality of a 62,500 km? area.

To eliminate the strong impact associated with geographical
(particularly latitudinal) dependence of water vapor, all water
vapor values used throughout this study are in the form of a
relative percentage of the local climatological mixing ratio
unless otherwise stated. For example, a water vapor amount of
110% would indicate that the water vapor mixing ratio is 10%
greater than its local climatology, as determined from all avail-
able data for that locality (pressure level and grid box).

The water vapor profiles originally are for each kilometer
altitudinal level from the upper stratosphere down to cloud
tops or to the tropospheric boundary layer if the atmosphere is
sufficiently transparent. At a fixed altitude level, water vapor
variations may occur simply because of the daily fluctuation in
the height of the pressure level associated with the daily cycle
of atmospheric temperature. To minimize this effect, all water
vapor profiles were interpolated to nine pressure levels: 500,
300, 200, 150, 100, 70, 50, 30, and 10 mbar. Pressure levels
greater than 500 mbar are not studied here because of the
insufficient number of samples, and pressure levels less than 10
mbar are not discussed either since they may contain poten-
tially large retrieval errors [Rind et al., 1993].

The temperature and tropopause data used here are those
which are included in the SAGE II data set. They are not
measured by SAGE 11 itself but are provided by the National
Meteorological Center (NMC) (now known as the National
Centers for Environmental Prediction) for each SAGE II re-
trieval time and location and therefore is applicable to the
water vapor and cloud data used in this study.

3. Results
3.1.

Using the matched data sets described in the previous sec-
tion, the general relationship between convection and water
vapor profiles at various hours after the detection of the con-
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Figure 2. Number of available International Satellite Cloud
Climatology Project (ISCCP)-SAGE matched observations
and the availability of SAGE II sunrise or sunset data when
ISCCP-SAGE sampling time difference is from 0 to 21 hours
for July 1986-1990.
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Figure 3. Histogram of the number of available ISCCP-
SAGE matched observations versus ISCCP convective frac-
tions for July 1986-1990.

vection event is presented in Figure 4. Results for low latitudes
(30°S-30°N) are presented in Figures 4a—4c, and results for
northern hemisphere summer middle latitudes (30°N-60°N)
are presented in Figures 4d—4f. Figures 4a and 4d show results
when there is essentially no convection within the ISCCP grid
(less than 10% of the pixels show deep convection); these serve
to show that there is no data bias associated with the convection-
free situation. Figures 4b and 4e are for moderate deep convec-
tion (10-50% of the pixels); Figures 4c and 4f are for enhanced
deep convection (greater than 50%). As described before, the
water vapor value given is as a percent of its local climatology.

Figure 5 corresponds to Figure 4, except that it illustrates
the penetration rate of SAGE II samplings under different
convection-free and convection-affected situations to indicate
the relative amount of available retrievals used in Figure 4.
Areas with less than five samplings are shown in Figure 4 and
Figure 5 as having no data. As indicated earlier, a particular
hour cited can have an error range up to +1.5 hours.

The results in Figure 4 indicate that in both latitude ranges
when there is no convection (<10%), there is no water vapor
change (<10%) in our selected data set either contemporane-
ously or afterward (Figures 4a and 4d). Though other factors
like large-scale condensation clouds could affect the water
vapor, they may not be captured by SAGE 1I measurements
because of the obscuring effect of cloud cover. With moderate
convection (10-50%) at low latitudes, there is initially drying
aloft from 300 to 150 mbar for the first three hours (Figure 4b).
The effect then fades away to be replaced by moistening from
612 hours after detection of convection. (In this study, “after
convection” implies after the initial detection of convection
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Figure 4. SAGE II mean water vapor change (percent of its local climatology) versus time (hour) after
ISCCP detection of (a) and (d) no deep convection, (b) and (e) moderate deep convection, or (c) and (f)
enhanced deep convection for July 1986-1990. Solid contour lines are for water vapor variation. Solid contour
lines with vertical line-shading are for water vapor less than 90%, and the dotted-shading for more than 110%.
Dashed contour lines are for the distribution percentage of tropopause pressure. Areas with solid areas denote

insufficient sampling (less than five samples).
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Figure 5. As in Figure 4 but for the SAGE II penetration probability (percent) (solid lines).

rather than after the end of convection). From 15-21 hours,
drying is once again apparent. With enhanced deep convection
(>50%) the reduced penetration rate of SAGE II prevents
sufficient sampling for the tropical upper troposphere; how-

ever, a significant area of moistening above 100 mbar is seen
beginning 9-12 hours afterward and extending through the
end of the period (Figure 4f). The moistening maximum is
centered at 12 hours and gradually diminishes in altitude.
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Table 1.
Convective Situations for July 1986-1990
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Frequency Distribution of Tropopause Pressure at Different Delayed Times After Detection of Different

Delayed Times

Pressure,
mbar 0 hours 3 hours 6 hours 9 hours 12 hours 15 hours 18 hours 21 hours
30°S-30°N

No convective clouds 70-100 27 25 25 26 28 24 24 24
100-150 67 70 71 72 71 72 72 72
150-200 3 3 2 1 0 2 3 2
200-300 0 0 0 0 0 0 0 0

10-50% convective clouds 70-100 21 35 28 38 41 39 42 35
100-150 75 61 69 59 58 51 47 62
150-200 0 0 2 2 0 9 7 2
200-300 0 0 0 0 0 0 2 0

>50% convective clouds 70-100 31 45 47 27 33 35 38 22
100-150 68 55 52 72 66 65 61 77
150-200 0 0 0 0 0 0 0 0
200-300 0 0 0 0 0 0 0 0

30°N-60°N

No convective clouds 70-100 12 11 14 11 7 7 7 5
100-150 49 42 45 40 36 33 31 34
150-200 26 29 25 29 31 33 33 33
200--300 12 15 14 18 23 23 25 24

10-50% convective clouds 70-100 6 11 16 8 2 10 0 0
100-150 43 34 40 32 28 26 44 38
150-200 31 34 32 32 28 24 13 19
200-300 18 19 12 23 40 36 37 42

>50% convective clouds 70-100 0 20 12 10 0 0 0 0
100-150 50 40 50 20 71 14 30 50
150-200 50 20 25 40 0 28 20 33
200-300 0 20 12 30 28 57 50 16

Frequency distributions are given as percents. The time error is +1.5 hours.

At midlatitudes the results are somewhat different. For
moderate convection the drying which is seen initially is basi-
cally maintained throughout the day. Even with enhanced con-
vection, while no data for the troposphere is available (because
of heavy cloudy coverage), the data for the lower stratosphere
show no moistening trend.

Table 1 gives the frequency distribution of the tropopause
pressure at different times after detection of different convec-
tive situations, and Figure 6 further displays the smoothed
contour maps of vertical distribution for selected cases. For
30°S-30°N the tropopause pressure is mostly between 70 and
150 mbar, suggesting that the drying and moistening associated
with the moderate convection (Figure 4b) is mostly below the
tropopause while the moistening with enhanced convection
(Figure 4c) is largely visible in the tropopause region and lower
stratosphere. For 30°N-60°N the tropopause pressure varia-
tions are much larger than for 30°S-30°N, and the drying with
the modest convection at the middle latitudes occurs fre-
quently at the tropopause region.

3.2. Significance and Magnitudes of the Drying
and Moistening Trends

The results shown in Figure 4 are the mean tendencies
following convective events discretized into gross categories.
Because SAGE II cannot see through clouds, the number of
available SAGE II observations is limited by the presence of
convective and other optically thin clouds; the climatological
average is biased toward clear sky, making the statistics less
reliable in the troposphere than in the lower stratosphere.

To evaluate the significance of the correlation between wa-
ter vapor amount and the convective fraction, correlation co-
efficients are shown in Figure 7 along with their significance

levels. The lower stratospheric moistening seen in Figure 4 6
hours after convective initiation appears to occur in the middle
and upper troposphere as well (Figure 4b), but because of the
reduced samplings, its significance is lower. According to the
correlation and significance charts, the largest correlation (up
to 0.5) and the most significant area (>99%) occur near the
tropical tropopause and in the lower stratosphere where the
moistening trend appears. An example of the good relationship
in terms of climatological average between convective fraction
and lower stratospheric moistening at low latitudes is shown in
Figure 8, which displays the 70 mbar water vapor amount at
various delayed times versus the amount of deep convective
fraction detected. The tropospheric significance levels for both
30°S-30°N and 30°N-60°N are less than the tropical lower
stratosphere due at least partly to the reduced number of data
available and the much larger variation in the tropospheric
water vapor.

To estimate the magnitude of the variations implied in Fig-
ure 4, Figure 9 presents the climatological profile of absolute
water vapor amount (ppmv) versus pressure at low latitudes.
The water vapor reaches its minimum value between 100 and
70 mbar, which is just above the averaged tropopause height
(110 mbar). Above the height associated with the lowest water
vapor amount (the hygropause) the lower stratospheric water
vapor increases with decreasing atmospheric pressure. Com-
parison between Figures 4 and 9 indicates that the drying and
moistening occurs in the regions where the absolute water
vapor amount is relatively low and the signature of relative
changes is easier to detect. Since water vapor mean changes in
Figure 4 are in the form of a relative percentage of climatology,
comparison with Figure 9 shows that the drying and moistening
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Figure 6. Vertical frequency distribution (percent) of tropopause versus pressure at different delayed time
after detection of cases with (top) convection-free and (bottom) enhanced convection at 30°S-30°N. July

1986-1990.

in the upper troposphere can be easily greater than 20-30
ppmv at 300 mbar and 5-10 ppmv at 200 mbar. The moistening
in the lower stratosphere is generally around 1 ppmv.

3.3.

The optical thickness for convective clouds can be easily a
few hundred times larger than the maximum optical thickness
that SAGE II can see through. Therefore the variation of the
water vapor inside any cloud body that happens to be present
is basically unknown. Furthermore, it is also not known where
the clear sky observed by SAGE 11 is relative to the convective
plume (Figure 1). In part, the low correlation significance in
some regions may be due to the mixture of locations. There-
fore any interpretation of the results shown in Figures 4 and 6
must of necessity involve considerable speculation; neverthe-
less, the data do suggest a plausible physical interpretation.

Compensatory subsidence should be associated with the
convective plume. Analysis of the deep convective cloud tops
indicates that the cloud top pressure is mostly 150-220 mbar.
The upper tropospheric drying for the first 3 hours is between
the 300 and 150 mbar level, therefore at and below the cloud
top altitude, and would be consistent with subsidence-induced

Implications of Upper Tropospheric Trends

drying as the downward motion advects air from higher and
drier altitudes. This does not indicate that the total moisture at
these levels is reduced since the cloud moisture is unobservable.

After 3 hours the drying disappears, and from 612 hours a
moistening occurs. The moistening is centered at the 300 mbar
level and extends to 200 mbar, substantially below the tropo-
pause indicated in Table 1. The period of 6—12 hours after the
detection of convection is roughly consistent with the typical
lifetime of 5-10 hours for tropospheric convective events
[Danielsen, 1982b; Pfister et al., 1993; W. B. Rossow, personal
communication, 1996]. Therefore, by this time it is likely that a
significant portion of the convection-related clouds has dissi-
pated, with detrainment and evaporation of the cloud liquid
water adding to the clear-sky background moisture. In addi-
tion, the dispersion of convective-related clouds allows SAGE
11 to see through some ex-cloudy atmosphere to regions where
water vapor, which has been advected from below in the con-
vective plume, resides. By this time also the clear atmosphere
has been gradually affected by the moisture blown out of the
convective plumes since the beginning of the convective event.

By 15 hours after the convective event, another drying trend
occurs. An explanation for this effect can be derived from
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Figure 5b. At 9-12 hours, there is a secondary minimum in
penetration rate, whichi is therefore a secondary maximum in
convective clouds. Water vapor retrievals sampled at 9 hours
or later are substantially associated with sunrise events (Figure
3). There is ample observational evidence in support of a large
diurnal cycle of convection over this region, with the maximum
occurrence in later afternoon [Nitta and Sekine, 1994] and a
secondary maximum near sunrise [Gary and Jacobson, 1977,
Hendon and Woodberry, 1993]. Therefore, at 9-12 hours the
moistening which begins at 6 hours is interrupted by the con-
temporaneous convective drying, a tendency which eventually
overpowers the clear-sky moistening trend in the locality, and
finally prevails from 15-21 hours when the impact of the con-
vection detected 15-21 hours ago becomes of second-order
importance.

This last result may be relevant for interpreting the midlati-
tude observations. As shown in Figure 4e, no moistening is
evident following convection. Either the convective drying as-
sociated with €ach event has more/longer influence at middie
latitudes or the convective events themselves may be more
continuous. Extratropical summer convection can occur either
in isolation, as air mass thunderstorms, or in (front-related)
clusters. The occurrence of clusters increases the effective du-
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Figure 8. The 70 mbar mean water vapor change (as a per-
cent of local water vapor climatology) 12-18 hours after ISCCP
detection of different fractions of deep convection clouds for
30°S-30°N, July 1986-1990.

ration of convection; at midlatitudes, SAGE II may be effec-
tively seeing the results of convection extending through the
“moistening” period evident at low latitudes. Although we do
not have nighttime data to provide a full analysis, on the basis
of ISCCP daytime observations, we can calculate the autocor-
relation of deep convective clouds to estimate their duration in
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Figure 9. Absolute water vapor amount (ppmv) versus pres-
sure levels for 30°S-30°N. July 1986-1990. The height associ-
ated with the minimum water vapor (hygropause) normally is
around 2 km above the tropopause.
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the different latitude bands. The results are shown in Table 2:
convective events do happen more continuously at midlati-
tudes than at low latitudes, especially for the 6—9 hour period
after initial detection, the time when tropical tropospheric
moistening is maximum, Similarly, Table 3 indicates the 200
mbar SAGE 11 penetration rate versus time after detection of
deep convection; it shows a greater penetration rate at low
latitudes at the time of maximum moistening (6 hours after
detection) again implying less persistent convection at low
latitudes. Note that while this may be one explanation for the
differences seen in Figure 4, it does not rule out the possibility
that there may be other differences between tropical and ex-
tratropical convection.

3.4. Implication of the Moistening Trend in the Tropopause
Region and the Lower Stratosphere

The cloud impact is close to zero in the tropopause region
and lower stratosphere at low latitudes. This means that in
contrast to the situation in the upper troposphere, the moisture
changes seen at these levels are the total moisture, and there is
no sampling bias toward clear-sky conditions. Therefore the
mean moistening trend in the tropopause region and the lower
stratosphere shown in Figure 4c can be used to indicate a net
increase in water vapor content. Part of the variation in the
vertical extent of the moistening largely reflects the vertical
variations of the tropopause pressure as shown in Table 1. But
the topmost moistening at and above the 70 mbar height indi-
cates variation in the lower stratosphere.

The impact of convective events on the stratosphere-
troposphere exchange may include the convective erosion of
the tropopause [Price and Vaughan, 1993}, gravity-wave-
induced small-scale turbulence, or radiative heating of anvils
[Russell et al., 1993]. The physical mechanism by which con-
vection relates to the tropopause and lower stratospheric
moistening cannot be conclusively investigated with the data
available here. On the basis of the results, however, one pos-
sible explanation is that with enhanced convective events, for
the first 6 hours the tropopause is pushed upward as charac-
terized by the lower tropopause pressure for the first 6 hours,
compared with the nonconvective or moderate convective sit-
uation (Table 1 and Figure 6). Then, 9-12 hours later, when
most of the convective events end and the radiative cooling has
had some time to function, the tropopause descends (indicated
by the increase in tropopause pressure). At this time some of
the upper tropospheric water vapor provided by the convection
may enter into the low stratosphere.

The reason why water vapor enters into the lower strato-
sphere significantly at low latitudes with no significant changes
at northern middie latitudes (Figures 4 and 7, bottom right) is
not completely clear. However, even at low latitudes, moderate
convection (Figure 4b) does not apparently moisten the lower

Table 2. Autocorrelation Coefficient Between Convective
Events Versus Lagged Time for July 1986-1990

Lagged Hours

Region 0 3 6 9 12 15 18 21

30°S-30°N
30°N-60°N

1.00 0.62
1.00 056

041 026 047
050 040 035

N/A N/A N/A
N/A NA NA

The time error is £1.5 hours. The values are significant at the 99%
level.
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Table 3. SAGE II Penetration Rate at 200 mbar Versus
Time After Detection of Deep Convection for
July 1986-1990

Hours After the Convective Events

Region o 3 6 9 12 15 18 21

30°S30°N 44 41 70 41 66 64 T3 62
30°N-60°N 46 57T 55 52 74 65 70 50

Penetration rates are given as percents. The time error is *1.5
hours.

stratosphere, so perhaps midlatitude events are not sufficiently
penetrative. Furthermore, since the upper troposphere is not
being moistened (Figure 4e), there is less likelihood that the
lower stratosphere will be. Again, the upper troposphere dif-
ference may be the result of more frequent convection, as
discussed previously, or it may imply a real difference in the
convective process.

3.5. Sunrise and Sunset: Water Vapor Global Distributions
Versus Convection '

As noted in section 2, the study of instant and delayed
responses in water vapor content to deep convection pertur-
bations was made in such a way as to maximize the use of the
frequent temporal coverage of ISCCP cloud data. Another way
to explore the relationship with convection is to see if there is
any significant difference between sunrise and sunset water
vapor climatologies. Figure 10 shows the water vapor distribu-
tion at the pressure levels of 70 (near the tropopause in the
tropics) and 100 mbar (mostly ropopause regions) for sunrise
and sunset. The water vapor values are larger at sunrise be-
tween about 30°S and 30°N. The magnitude of the difference is
0.5-1 ppmv (typically 20-30% of the background values); as
the increase occurs throughout most of this region, which oc-
cupies 50% of the area of the globe, it is therefore globally
significant. Similar differences between sunrise and sunset are
also obvious for 50 mbar (not shown). According to the pre-
vious analysis, lower stratospheric water vapor change may be
positively correlated with deep convection activities that hap-
pened about a dozen hours ago. As shown in Figure 2, SAGE
II water vapor has sunrise and sunset data available if the
ISCCP-SAGE II time difference is 9-12 hours, and this pro-
vides us a chance to examine whether the deep convection 9 or
12 hours prior to sunrise is significantly different from that
before sunset. '

Indeed, consistent with the above analysis, calculation of
global and regional mean convective amounts indicate greater
convective fractions 9-15 hours before sunrise than 9-15
hours before sunset (Table 4). Shown in Figure 11 is the global
distribution of convection 9-12 hours before sunrise and sun-
set. Though there are regions of enhanced convective activities
at sunrise, enhanced convection 9-12 hours before sunrise
overwhelmingly occurs in the major convective regions (Figure
11, bottom): the extreme western equatorial Pacific, the North
Adtlantic storm track area, central America, and the African
monsoon region. Apparently, tropospheric moisture enters the
stratosphere from locations such as these preferentially at sun-
rise because of the diurnal variation of convection and the lag
time for transference into the stratosphere. In some locations,
convection maximizes 9-12 hours before sunset, for example,
in the vicinity of Indonesia one of the few locations in which
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Figure 10. Monthly mean global distribution of water vapor mixing ratio (ppmv) at (left) 70 mbar and
(right) 100 mbar for (top) sunrise and (middle) sunset events and the (bottom) difference (sunrise-sunset)

distribution for July 1986-1990.

the 100 mbar water vapor is actually larger at sunset (Figure
10).

3.6. Analysis of Retrieval Uncertainties

Both the SAGE II water vapor and the ISCCP convective
data used in this study have some uncertainties that can po-
tentially contaminate the results discussed in the previous sec-
tions. In addition, there are other diurnal variations which
could affect the interpretation of the results shown in Figure
10. In this section we discuss some of these uncertainties.

As shown in Figure 3, the results for 0-6 hours in Figure 4
are contributed by sunset measurements only and those of
15-21 hours are contributed by sunrise measurements. This
suggests that the results in Figure 4 may be influenced by
diurnal changes of water vapor content. However, Figures 4a
and 4d show that without convective events, there is no diurnal
variation (greater than 10%).

The most natural reason for the sunrise and sunset differ-
ence in the lower stratosphere is the daily fluctuation of levels
associated with diurnal temperature variations. For this study,
by comparing data in pressure coordinates (rather than in

Table 4. Global Mean Deep Convection Fraction at
Different Hours Before Local Sunrise and Sunset Events for

July 1986-1990

Hours Before the Sunrise/Sunset Events

Event 0 3 6 9 12 15 18 21

67 82 o6l 5.2 4.7
N/A  NA

Sunrise 6.5 N/A N/A
Sunset 6.4 5.4 5.4 5.5 6.6 1.5

Convection fractions are given as percents. The time error is 1.5
hours.
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Figure 11. Monthly mean global distribution of convective factions (percent) occurring (top) 9-12 hours
before sunrise, (middle) 9-12 hours before sunset, and (bottom) the difference for July 1986-1990.

altitude) this potential problem has been eliminated. However, and sunset at the 70 and 100 mbar levels. There is little diurnal
diurnal variations in temperature could still affect the results temperature change in the tropopause or the lower strato-
by altering the saturation vapor pressure at the tropopause. sphere at low latitudes; the biggest difference occurs over

Figure 12 shows the atmospheric temperature for sunrise northern middle latitudes (as seen in Figure 12, bottom).
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Figure 12. The same as Figure 10 but for atmospheric temperature (kelvins).

Therefore we cannot relate the sunrise-sunset water vapor
difference to a diurnal temperature fluctuation. No correlation
between the water vapor diurnal cycle and the temperature
diurnal cycle was found to be significant.

The water vapor retrievals depend upon removal of the
aerosol component. While the data retrieval process attempts
to remove aerosols, there is some uncertainty as to the accu-
racy of this process. Therefore a diurnal variation of aerosol
could possibly contaminate the water vapor retrieval.

Shown in Figure 13 is the SAGE II aerosol extinction at 1.02
pm at 70 and 100 mbar for sunrise and sunset. At 100 mbar the
aerosol extinction values at low latitudes are mostly greater
than 0.0008 per kilometer, indicating substantial presence of
high-level clouds at this level. While difference do arise, there
is no consistent relationship between the aerosol and water
vapor tendencies. (Rind et al. [1993] noted that when aerosols
impact SAGE water vapor retrievals, they usually result in
increased water vapor values.) At 70 mbar, while there is scat-
tered increase in aerosol concentration at sunrise, the tropical

water vapor increase is much more widespread and not partic-
ularly colocated with the aerosol change. The aerosol differ-
ences are also quite small and should not affect the water vapor
retrievals. It is interesting to note that if the delayed water
vapor increase in the lower stratosphere is associated with the
troposphere-stratosphere (mass) exchange as suggested be-
fore, one might expect a similar increase for aerosols in the
lower stratosphere, as the air mass that carries the moisture
into the stratosphere should also transport the upper tropo-
spheric aerosols which were advected from lower elevation by
the convection events. This effect is not particularly evident in
Figure 13; it could be minimized because of the factors, in-
cluding rainout, associated with convection.

A noticeable increase in sunset aerosol extinction occurs
over northern high latitudes. Although this effect is occurring
in summer, it is similar in phase to the diurnal cycle of polar
stratospheric clouds (PSCs) in winter, which also appear more
often at sunset in the SAGE 1I data. In both seasons, diurnal
variations in vertical motion could account for the results;
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Figare 13. The same as Figure 10 but for aerosol extinction coefficient at 1.02 um wavelength (107 km ™).
Aerosol extinction values greater than 8 (10 kim™") are regarded as substantially affected by high-level clouds.

when increased upward vertical motion occurs at these lati-
tudes during sunset (a time of generally reduced stability in the
troposphere), it would increase the lower stratospheric aerosol
concentration and also provide for colder temperatures, lead-
ing to more PSCs. As can be seen in Figure 13, colder tem-
peratures do occur at sunset during July at these latitudes.
For ISCCP deep convection the deep convection clouds were
identified using only two thresholds: cloud top pressure and cloud
optical thickness. The classification has been shown to be good at
low latitudes, but the clear distinction between deep convective
clouds and other thick clouds may be less reliable in the middle
latitudes, with larger uncertainties [Rossow and Garder, 1993].
Therefore, from the perspective of ISCCP deep convective
data, results for low latitudes have the highest reliability.

4. Summary and Discussion

The following are the primary results of this study:
1. In the tropical upper troposphere (300-150 mbar), for

the first few hours after moderate deep convection is detected,
clear-sky water vapor decreases by some 20% compared to
local climatology, amounting to changes of about 20-30 ppmv
at 300 mbar and 5-10 ppmv at 200 mbar. This is interpreted as
the effect of compensatory subsidence, drying the clear air.
This effect then fades away, and from 6 to 12 hours after
detection a moistening is observed of the same order of mag-
nitude as the previous drying. This is interpreted as indicating
the effect of detrained cloud moisture, now largely present in
the clear sky, given the average convective lifetime of 5-10
hours. Drying again occurs in the tropical upper troposphere
12-15 hours after initial detection; this may be interpreted as
the result of subsidence drying in the upper troposphere air
associated with secondary maximum occurrence of convection.
At middle latitudes in northern hemisphere summer, upper
tropospheric drying appears to follow convective events
throughout the day. A partial interpretation of this difference
from low latitudes results from the observation that the mid-
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latitude convection lasts longer than tropical convection, over-
lapping the moistening period.

2. A moistening trend is observed in the tropical tropo-
pause regions and lower stratosphere beginning at 9-12 hours
after the detection of enhanced convection in the troposphere;
the percentagewise effect is similar to that observed at lower
levels, and in terms of magnitude it amounts to about 1 ppmv.
This is interpreted as an input of upper tropospheric moisture
provided by deep convection into the lower stratosphere due to
factors possibly including variation in the tropopause pressure.
Daily fluctuation in the tropical lower stratospheric water va-
por mixing ratio is also found with water vapor values about
20-30% higher during sunrise than during sunset; this is ex-
plained as the result of the diurnal variation of enhanced deep
convection, which maximizes 9-12 hours before sunrise, and
the lag time for water vapor getting into the tropical strato-
sphere is 9-12 hours. No significant variation is found in the
tropopause region and the lower stratosphere at middle lati-
tudes, possibly because of the lack of upper tropospheric
moistening associated with the convection.

The effect of convection on the local moisture distribution in
the upper troposphere is a subject of debate. If convection had
no net effect and convection was the only important process,
then there would be no time or space variations in upper
tropospheric moisture. Clearly, this is not the case. Rind et al.
[1991] noted that on climatological and seasonal timescales,
when in-cloud effects have presumably been fully resolved, the
upper troposphere has more moisture in seasons and locations
with increased convection. Similar results are reported by In-
amdar and Ramanathan [1993] and Soden and Fu [1995]. This
is in contrast to suggestions that more and deeper convection
may lead to the drying of the upper troposphere because of the
subsidence on the local cumulonimbus scale [Lindzen, 1990].
Either of these conclusions would imply that other processes
(e.g., large-scale circulation and/or eddy transports) are impor-
tant and that convective events have a nonzero net effect
locally.

The results here for the 200 km scale suggest that both
moistening and drying may occur in the clear air, depending on
different latitudes and different timescales; on the immediate
timescale (a few hours), clear-sky drying does arise, presum-
ably because of subsidence, but on a longer timescale (6-12
hours), when in-cloud moisture has been detrained, moistening
results in the tropics.

In some of the recent work [Sun and Lindzen, 1993] the
focus was on the large-scale circulation (e.g., tropical convec-
tion, subtropical subsidence), so that the net effect globally
might be different from that which occurs locally. This paper,
focusing on local scales, cannot comment on that issue; circu-
lations on such broad scales, while to some degree forced by
convection, involve the large-scale circulation and its budget
rather than simply convection per se [e.g., Rind and Rossow,
1984].

For the tropopause region and stratosphere, previous results
are also somewhat contradictory. Page [1982] showed that in-
creased lower stratospheric water vapor is associated with en-
hanced convective plumes. Kuhn [1982] also reported that
overshooting convective towers add to the lower stratospheric
moistening based on aircraft experiment data. However, some
other studies have attributed the dryness of the lower strato-
sphere to increased convection, either through the effect on
the tropopause temperature [Newell and Gould-Stewart, 1981]
or through a “freeze-drying” procedure associated with con-
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vective overshooting [Danielsen, 1982a] or with large-scale up-
welling in tropical cyclones [Danielsen, 1993). Kritz et al. [1993]
showed evidence of an effective dehydration process in the
lower stratosphere following troposphere-to-stratosphere
transport of tropospheric air associated with convective activ-
ity. The results here indicate that convection may or may not
lead to moistening or drying at the tropopause and in the lower
stratosphere, depending on latitudes and observational time.

A major question raised by these results concerns the extent
to which the moistening occurs in the tropical lower strato-
sphere (Figures 4 and 7, bottom left). The moistening impact
extends some 20-40 mbar above the tropopause active range
(Figure 6) in a period of 18 hours. How the apparent moist-
ening is transmitted over this altitude range in such a short
period of time is very uncertain. To produce this effect by a
vertical motion alone would require vertical velocities of the
order of 2-5 X 10™* mbar s~ '; this is an order of magnitude
larger than the mean values estimated for the region [e.g.,
Peixoto and Oort, 1992]. It would be hard to ascribe the effect
to convective motions since the convection does not show deep
penetration into the stratosphere. Deep convection can gener-
ate vertically propagating gravity waves. There has been some
observational evidence showing that the gravity waves may
contribute to the local water vapor profile variations in the
stratosphere [Teitelbaum et al., 1994], though in this study the
water vapor changes occur well after the gravity waves should
have propagated away from the region. As indicated in section
3.6, there is no apparent problem with the data retrieval,
which, in any event, would be less likely in these regions of
well-sampled stratosphere. The results imply greater vertical
mixing in the tropical lower stratosphere than might therefore
have been assumed.

This work is based on the combined use of SAGE 11 water
vapor and ISCCP deep convective data. It must be emphasized
again that the results obtained here do not all have equal
degrees of reliability. As SAGE II water vapor data for the
upper and middle troposphere have smaller sampling than for
the tropopause and lower stratosphere and the climatology is
biased toward the clear-sky because of cloud shielding, the
results are more tentative for the upper troposphere than for
the lower stratosphere. However, SAGE II continues to func-
tion; with the addition of more data we should be able to
increase the sampling to better test the tropospheric correla-
tions and to provide an assessment of winter conditions. A
better assessment is also needed of the identification of deep
convection particularly at middle latitudes. The results so far
emphasize the utility of data with high vertical resolution and
the necessity of studying convection and water vapor processes
with fine temporal resolution and different regions in matched
data sets.
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